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Nanocomposites composed of poly(ethylene terephthalate) (PET) filled with calcium
carbonate particles of nanometer scale were prepared by polymerizing the polyester in the
presence of the nanosized fillers. Besides plain calcium carbonate, carbonate nanoparticles
coated with stearic acid were also used, in order to improve the compatibility between the
polymeric matrix and nanofillers. Morphological analysis evidenced a good dispersion of
both the nanopowders into the PET matrix, especially in the case of coated calcium
carbonate. The strong interfacial adhesion between the two phases is also responsible for

the increase of the glass transition and melting temperatures in the nanocomposites
compared to plain PET. Finally, non-isothermal crystallization studies revealed that the
coated CaCOs; is a good nucleating agent for PET. Analysis of non-isothermal crystallization
data with the Ozawa theory was successful for plain PET and PET/un-CaCQOs3, but this
method failed to describe the dynamic solidification of the PET/c-CaCO3; nanocomposite.
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1. Introduction

Polymer composites are widely used in areas of
electronics, transportation, construction and consumer
products, as they offer unusual combinations of prop-
erties that are difficult to obtain from individual com-
ponents. Fillers are generally in the form of fibers or
platelets. The nature of the fillers, including their com-
position, dimensions, homogeneity of dispersion and
adhesion level in a polymeric matrix, is important for
the bulk properties of the composites. In the last years
nanoparticles have become of interest as fillers for poly-
meric matrices. Nanocomposites are defined by the par-
ticle size of the dispersed phase having at least one
dimension of less than 10> nm [1]. Because of the
nanoscale dimensions, nanocomposites possess supe-
rior physical and mechanical properties compared to
the more conventional microcomposites, and therefore
offer new technology opportunities.

Three types of nanocomposites can be distinguished,
depending on the number of dimensions of the dis-
persed particles that are in the nanometer range. When
the fillers are nanosized in the three dimensions, they
are practically isodimensional, such as spherical sil-
ica nanoparticles obtained by in situ sol-gel methods
[2] or by polymerization promoted directly from their
surface [3]. When two dimensions of the fillers are
in the nanometer scale and the third is larger, form-
ing an elongated structure, the reinforcing particles are
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generally named nanotubes or whiskers, such as car-
bon nanotubes [4] or cellulose whiskers [5, 6]. Finally,
nanocomposites of the third type contain reinforcing
particles that have only one lateral dimension in the
nanometer range: the fillers have the shape of sheets
that are a few nanometers thick with a length of the
order of microns [7].

The present work deals with nanocomposites of the
first type, composed of calcium carbonate (CaCO3)
nanoparticles dispersed in a thermoplastic matrix
[poly(ethylene terephthalate) (PET)]. Two types of
nanoparticles were used: one type was made of plain
CaCQOgs, the other kind was composed of CaCOs; coated
by stearic acid, an inorganic coating. 2% of each filler
was added to the polyester matrix. The aim is to an-
alyze the effect of the type of the reinforcing agent
on the properties of PET, and in particular to de-
termine the efficiency of the stearic acid coating in
improving dispersion into the polyester matrix and pro-
moting interfacial adhesion between the phases. The
composites were prepared by polymerizing PET in the
presence of the reinforcing particles. Direct blending
of the polymeric matrix with the filler by melt mix-
ing has received only a limited number of success-
ful results, due to the high tendency of the nanosized
fillers to form larger clusters during blending, that lim-
its the advantages of their small dimensions [7, 8].
Conversely, the in situ preparation methodology has
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been proven to provide nanocomposites with enhanced
properties [9, 10].

The results concerning the influence of CaCOs;
nanoparticles on the structure and crystallization pro-
cess of poly(ethylene terephthalate) (PET) are reported
in this paper. In particular, the effect of the addition of
nanoparticles on non-isothermal solidification of PET
is investigated. Analysis of non-isothermal crystalliza-
tion kinetics of polymers is of enormous importance,
since the crystalline structure and morphology, and thus
the properties of a material, strongly depend on the con-
ditions under which a polymer solidifies from the melt,
especially in the presence of foreign substances that
can act as potential heterogeneous nuclei. Therefore,
in order to reach the optimum conditions for industrial
processes and to obtain products with tailored proper-
ties, it is necessary to have quantitative evaluations of
non-isothermal crystallization rates [11].

2. Experimental part
2.1. Materials
Dimethylterephthalate (DMT), Aldrich reagent-grade
product, ethylene glycol (EG), Aldrich spectrophoto-
metric-grade product, and zinc acetate, BDH reagent-
grade product, were used without further purification.
Calcium carbonate nanoparticles, plain and coated
with stearic acid, were kindly supplied by Solvay & Cie.
Literature data indicate that the nanoparticles do not
undergo degradation phenomena at the temperatures
used for polymerization of PET [12].

2.2. Preparation of PET and PET/ceramic
nanocomposites

Plain PET was synthesized following a standard pro-

cedure reported in the literature [13]. This method was

properly modified to allow insertion of the nanoparti-

cles during polymerization.

In a cylindrical reactor suited with side arms for re-
frigeration, distillation and mechanical stirring, 272 g
of dimethylterephthalate, 200 g of ethylene glycol and
0.22 g of zinc acetate were added. Before the reac-
tion, all traces of water were removed from the reactor.
The reagents were melted by submerging the reactor
halfway in a heating oil bath at 197°C. The reaction
was carried under a continuous nitrogen flux and vig-
orous stirring. Methyl alcohol distilled rapidly in a few
minutes. After 1 hour the reactor was adjusted to be
heated as completely as possible and was kept at 197°C
for 2 hours more. The reactor was then heated at 222°C
for 15 min, in order to distil excess glycol and remove
all traces of residual methanol. Then the reactor was
heated at 283°C and 2% by weight of calcium carbon-
ate nanoparticles, calculated with respect to the amount
of DMT, were added. As polymerization started, gly-
col distilled. After 5 = 10 min vacuum was applied very
cautiously and the pressure brought to less than 0.2 torr.
Polymerization was complete within 3 hr. The reactor
was then filled with nitrogen, removed from oil bath
and allowed to cool.

Throughout the article, the nanocomposites contain-
ing uncoated calcium carbonate (un-CaCO3), and cal-
cium carbonate coated with stearic acid (c-CaCOs)
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are identified as PET/un-CaCQO; and PET/c-CaCOj;
respectively.

2.3. Preparation of compression-molded
sheets

Plain PET and PET nanocomposites were compression-
molded in a heated press at 300°C for 5 min without
any applied pressure. After this period, a pressure of
100 bar was applied for 5 min, then the press platelets,
containing coils for fluids, were rapidly cooled to room
temperature by cold water. Finally, the pressure was
released and the mold removed from the plates. Films
of 0.15 mm thickness were produced.

2.4. Scanning electron microscopy
Morphological analysis of the compression-molded
samples was conducted with a SEM Philips XL 20
series microscope. Small pieces of the compression
molded samples were kept in liquid nitrogen for 5 min-
utes and fractured. Before the electron microscopy ob-
servation, the surfaces were coated with Au-Pd alloy
with a SEM coating device (SEM Coating Unit E5150 -
Polaron Equipment Ltd.).

2.5. Calorimetric measurements

The thermal properties were measured with a differen-
tial scanning calorimeter Mettler DSC-30. The appa-
ratus was calibrated with pure indium, lead and zinc
standards at various scanning rates.

Non-isothermal crystallizations were performed us-
ing the following temperature program. Each sample
was heated from O to 300°C at a scanning rate of
20°C/min, kept at this temperature for 10 min to allow
complete melting, cooled to room temperature at five
different scanning rates: 0.5, 1, 2.5, 5 and 10°C/min,
then heated at 20°C/min. Dry nitrogen gas with a flow
rate of 20 ml min~! was purged through the cell. For
each sample the glass transition temperatures (7,) were
taken as the temperatures corresponding to the max-
ima of the peaks obtained by the first order derivative
traces of the DSC thermoanalytical curves. The melt-
ing temperatures (7y,) were measured as the maxima
of the endothermic peaks of the DSC curves. The crys-
talline fractions (X.) were calculated by integration of
the melting endotherms, using the literature data for the
enthalpy of fusion of PET in the fully crystalline state
of 140 J/g [14].

2.6. Thermogravimetrical analysis

The thermal stability of the samples was measured by
means of thermogravimetrical analysis (TG) with a TC
10A Mettler TG equipped with a M3 analytical ther-
mobalance, by recording the weight loss as a function
of temperature. Each sample was heated from 40 to
700°C at a scanning rate of 20°C/min in air atmosphere.
The degradation temperature (73) was taken as the
temperature corresponding to the maximum of the peak
obtained by the first order derivative trace.



3. Results and discussion

In order to determine the morphology of the nanosized
powder samples, the CaCO3; nanoparticles were ob-
served as obtained by means of scanning electron mi-
croscopy (SEM). The electron micrographs of the two
types of fillers are presented in Fig. 1. For both the sam-
ples the nanoparticles have a strong tendency to form
aggregates whose dimensions are much higher than
those of the isolated particles. Both the types of CaCOj3
particles have a spherical appearance. The average dia-
meter of the un-CaCOj particles is about 40-50 nm,
whereas the c-CaCOs particles are slightly larger, with
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dimensions of about 60—80 nm. It must be taken into
account that, in order to make the samples visible un-
der the scanning electron microscope, the nanoparticles
were coated with 18 nm of Au-Pd alloy. With thinner
coverings it was impossible to obtain a clear SEM im-
age. Since the covering is of the same order of mag-
nitude of the particles size, it is likely that the real
dimensions of the samples are smaller than the mea-
sured ones.

PET based nanocomposites were prepared by means
of “in situ polymerization” methodology, dispersing
the calcium carbonate nanoparticles within the matrix

500 nm

Figure 1 Scanning electron micrographs of the ceramic nanoparticles: (a) un-CaCOs; (b) c-CaCO3.
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during polymerization of the polyester. This prepara-
tion method was selected in order to obtain a large ma-
trix/nanofiller interface and a homogeneous dispersion
of the CaCO3; nanopowders in the PET matrix [9, 10].
PET was synthesized by polycondensation reactions,
following a conventional procedure reported in the lit-
erature [13]. The nanofillers were introduced in the re-
actor only when the reaction that leads to production
of the polymeric precursor, ethylenterephthalate (ET)
had reached completion. This way, a possible interac-
tion of the ceramic nanoparticles with DMT and EG
reagents, that may result in incomplete ET production,
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is avoided. The polycondensation reaction starts in the
liquid phase, containing ET and the nanofillers, and the
viscosity of the solution increases with the conversion
grade of the monomer, which raises the molecular mass
of PET. In this way a fine dispersion of the nanopow-
ders in the reaction mixture can be obtained, due to
the vigorous mechanical stirring, and to the possibility
that the nanoparticles might be captured by the growing
polymer chains with the increase of mixture viscosity
[9, 10].

In Fig. 2 the scanning electron micrographs of the
nanocomposites are exhibited. In the sample reinforced

500 nm

Figure 2 Scanning electron micrographs of the PET/ceramic nanocomposites: (a) PET/un-CaCOs; (b) PET/c-CaCOs.
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TABLE I Thermal parameters of PET and PET nanocomposites: De-
composition temperature (74), glass transition temperature (7), melting
temperature (7y,) and crystallinity (X.)

Sample Ta CO) Ty (°C) Tm °C) X (%)
PET 486 69 251 35
PET/un-CaCOj3 498 74 249 31
PET/c-CaCO3 500 83 259 37

with un-CaCOj3 (Fig. 2a) a high number of very small
discrete particles, quite welded to the matrix, is observ-
able. In the PET/c-CaCOj3 sample (Fig. 2b) the discrete
particles are still evident, but they are larger and better
welded to the PET matrix, suggesting that the coat-
ing of CaCO3 with stearic acid can promote adhesion
between the nanosized reinforcement and the polyester
matrix. The improved compatibility between the phases
is probably due to the hydrophobic characteristics of the
c-CaCO3 sample imparted by the stearic acid coating,
as reported in the literature for similar nanocomposite
systems [15-19].

The morphological analysis revealed that addition of
the CaCOj3 nanofillers during the synthesis of PET can
provide a useful method of preparation of the nanocom-
posites, with the achievement of good dispersion and
adhesion levels.

The thermal stability of PET and PET nanocompos-
ites was analyzed with thermogravimetry. The values
of the degradation temperature (7y), that correspond to
the maximum of weight loss rate, are presented in the
second column of Table I. The presence of nanoparti-
cles raises the degradation temperature of the material
of about 15°C. Thermal degradation of PET is initiated
by random scission of the chains at the ester linkages,
leading to carboxyl and vinyl ester end groups [20].
The primary degradation products undergo secondary
processes (decarboxylation, hydrogen transfer, transes-
terification) to give a wide variety of substances, like
carbon oxides, aldehydes, hydrocarbons, as well as aro-
matic acids and their esters. These reactions are addi-
tionally complicated by the presence of oxygen that ac-
tively participates in the process. It has been suggested
that in the presence of oxygen, thermal degradation
starts by formation of hydroperoxides at the methylene
groups, followed by homolytic chain scissions [21].
However, the overall mechanism is rather complex and
still needs a reasonable explanation [22]. The CaCO3
particles, finely dispersed within the PET matrix, prob-
ably interfere with the degradation mechanism, slightly
retarding it.

The glass transition temperatures (7;) of the samples
were measured by DSC after melting the samples at
300°C for 10 min and cooling at 10°C/min. The rela-
tive thermoanalytical plots are shown in Fig. 3. From
the curves the glass transition temperatures were mea-
sured, and their values are reported in the third column
of Table I. The T of plain PET is about 69°C, in agree-
ment with literature data [14], whereas higher values
were observed for the two reinforced samples. In par-
ticular, the presence of c-CaCQOs, that can better adhere
to the polyester matrix, raises the T, of PET of 14°C.
The presence of a rigid filler into a polymer matrix is
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Figure 3 DSC thermoanalytical curves of PET and PET ceramic
nanocomposites measured on heating at 20°C/min, after cooling from
the melt at 10°C/min.

generally responsible of a slight increase of the glass
transition temperature, usually of about 4—6°C, respect
to the neat polymeric matrix [23]. In the present case of
PET/CaCOs3; nanocomposites, the increase is larger than
in the more conventional micro-composites. This re-
sult is justified by the homogeneity of dispersion of the
nanofillers into PET, as revealed by SEM analysis, and
by the enormous interfacial area of the nanoparticles,
as the strong interconnection between the two phases
reduces the mobility of PET chains [9]. This is particu-
larly evident for PET/c-CaCO3 nanocomposite, where
the presence of the organic coating on the nanoparti-
cles surface produces a better matrix/filler interfacial
adhesion.

The crystallization kinetics studies of PET and the
nanocomposites were conducted in dynamic condi-
tions by cooling the samples from the melt at various
scanning rates. The analysis of polymer crystallization
in non-isothermal conditions must be performed with
care, as itcan be complicated by the possible occurrence
of thermal gradients within the sample and between the
cooling furnace and the sample [11, 24-26]. In addition,
crystallization is an exothermic process and the heat
developed during the phase transition may cause some
local heating and create additional thermal gradients
within the sample. As a consequence, transitions can
occur at temperatures that do not correspond to those
detected by the instrumentation. The thicker the sam-
ple, the more critical this problem is. In order to limit the
problems due to thermal lags, for the present analysis
the scanning rate was limited to 10°C/min, and 0.15 mm
thick samples, of approximately 3 mg, were used.

The results obtained studying the non-isothermal so-
lidification process of PET nanocomposites showed
that the mechanism of phase change depends on cool-
ing rate and composition. For every sample, with in-
creasing the cooling rate, x, the crystallization curves
shift to lower temperatures, as shown in Fig. 4 for the
sample reinforced with 2% un-CaCO3. The same trend
was observed for the other two samples. At lower x
there is more time to overcome the nucleation barrier,
so crystallization starts at higher temperatures, whereas
at higher x nuclei become active at lower temperatures
[11].

The influence of the filler on dynamic solidifica-
tion of PET is shown in Fig. 5, which presents the
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Figure 4 DSC thermoanalytical curves of PET/un-CaCO3 obtained on
cooling from the melt at the indicated rates.
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Figure 5 DSC thermoanalytical curves of PET and PET ceramic
nanocomposites measured on cooling from the melt at 5°C/min.
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Figure 6 Onset temperature of crystallization (73) of PET and
PET/CaCO3 nanocomposites as a function of cooling rate.

thermoanalytical curves of PET nanocomposites crys-
tallized at x = 5°C/min. Similar trends were obtained
for the other cooling rates. From the solidification
exotherms, the onset temperatures (7;,) were measured
and are shown in Fig. 6. In the samples containing
added foreign particles, the temperature at which crys-
tallization starts is indicative of the effectiveness of the
fillers to promote heterogeneous nucleation [27]. Ty
values depend on cooling rate and composition. The
addition of CaCOs3 coated with stearic acid induces
crystallization to start at high temperatures, whereas
in the sample containing uncoated CaCO; solidifica-
tion from the melt begins at slightly lower temperatures
than in plain PET. The presence of stearic acid, promot-
ing good adhesion between the filler and the polyester
matrix, facilitates the role of the nanoparticles as ef-
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fective nucleating agents for PET. Conversely, CaCOj3
alone cannot promote nucleation of PET, in agreement
with the findings of Xantos et al. for carbonate parti-
cles of larger dimensions [28], and its presence seems
to delay solidification. This is probably a consequence
of the increased energy barrier due to the need to re-
ject and/or occlude the ceramic nanoparticles from the
solidification front, resulting in a lower crystallization
rate [29].

The crystallization exotherms of the PET/c-CaCO3
nanocomposite result much narrower than those of the
other two samples, as shown in Fig. 5 for a cool-
ing rate of 5°C/min. For this sample solidification oc-
curs at higher temperatures, where growth rates are
lower. The high number of nuclei provided by the
nanoparticles induce a large amount of crystallites to
grow simultaneously, overweighing the effect of lower
growth rates. The large quantity of preformed nuclei in
PET/c-CaCO3; produces a steep beginning of the
exothermic peak, as shown in Fig. 5, and crystalliza-
tion is completed in arelatively short time, slowing only
when crystallization nears completion, due to termina-
tion of growth by impingement. Conversely, in plain
PET and in PET/un-CaCO3 nanocomposite a much
lower number of effective heterogeneous nuclei, with
a relatively broad distribution of induction times, are
present, resulting in a more gradual beginning of the
solidification exotherm. The overall effect is much a
sharper crystallization peak for the PET/c-CaCO3 sam-
ple, which supports the hypothesis of effectiveness of
c-CaCOs as nucleating agent for PET.

To analyze the kinetics of the non-isothermal crystal-
lization process, the method proposed by Ozawa [30]
was applied. According to Ozawa, the degree of con-
version at temperature 7 is related to the cooling rate
x by the expression:

)

X(T)=1- exp|:— K(T)}

X}’l

where X (T) is the relative crystallinity at temperature
T, n is the Avrami exponent, and K(7T) is the cool-
ing crystallization function. K is related to the overall
crystallization rate and indicates how fast crystalliza-
tion occurs [31]. Equation 1 can be rewritten as:

Log{—In[1 — X(T)]} = Log[K(T)] — nLog(x) (2)

By plotting the left term of Equation 2 against Log (x),
a straight line should be obtained and the kinetic pa-
rameters n and K can be derived from the slope and the
intercept respectively. Previous investigations showed
that this method can be applied to analyze the dynamic
solidification of plain PET [11].

In Fig. 7 the Log{—In [1 — X(T)]} vs. Log(x) plots
for the three samples are shown. Experimental data
for plain PET and the PET/un-CaCO3; nanocomposite
were fitted by straight lines. For plain PET, the Ozawa
exponent is about 3, in agreement with literature data
[11], and is probably due to heterogeneous nucleation
and three-dimensional growth of the crystals. For the
PET/un-CaCO3; nanocomposite also n =3 was found,
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Figure 7 Ozawa plots: (a) plain PET; (b) PET/un-CaCOs; (c) PET/
¢c-CaCOs.

suggesting that the crystallization mechanism of PET is
not affected by the presence of this filler. For the PET/c-
CaCOs, instead, the Ozawa equation does not provide
a satisfactory description of the non-isothermal crystal-
lization kinetics. In order to apply the Ozawa method,
the X(T') chosen at a given temperature includes val-
ues selected from the earliest stages of crystallization
at high cooling rates and values from the end stage
at lower rates. At high conversion, crystallization rate
is lowered by factors like spherulite impingement and
secondary crystallization, and the values may be not
comparable with those obtained at early stages of con-
version, when nucleation is the rate controlling step. In
fact, it has been shown that the Ozawa method cannot
describe the non-isothermal solidification process of
polymers like polyethylene, poly(ether ether ketone) or
nylon 11 where a large portion of the overall crystalliza-
tion is attributed to slow secondary crystallization [11].
The rapid termination of spherulite growth by impinge-
ment due to the high number of growing crystals,

coupled with the high crystallization rate at the begin-
ning of the phase transformation, is probably the cause
of the non-applicability of the Ozawa method for the
PET/c-CaCO3 sample.

The melting behavior of PET and PET/CaCOs;
nanocomposites is summarized in the third and fourth
columns of Table I, that report the melting temperatures
and the crystalline fractions of the three samples, de-
termined from the fusion endotherms of the curves in
Fig. 3. In the thermogram relative to plain PET, three
melting peaks can be observed. As reported in the lit-
erature, the endotherm at low temperature is related
to fusion of secondary crystals, the shoulder at about
235°C is due to melting of primary crystals, and the
third and main peak is due to melting of the crystals
reorganized during the heating scan [32-35]. For both
the PET/calcium carbonate samples the endotherm at
lower temperatures is still present, whereas the shoulder
observable in plain PET merges into the main melting
peak.

As reported in Table I, the melting temperature of
plain PET is centered at about 251°C and the crystalline
percentage of this sample is about 35%. The peak value
of the melting endotherm of the sample reinforced with
un-CaCOs3 (249°C) is only slightly lower, whereas the
T, value of the samples filled with c-CaCOj is higher
(259°C). The crystalline percentage of the sample rein-
forced with CaCOj3 coated with stearic acid is slightly
higher than that of plain PET, as shown in Table I,
whereas a decrease in the crystalline fraction is ob-
served for the PET/un-CaCO3 sample.

The different crystallinities and melting temperatures
of the samples can be attributed to the different effect
of the nanoparticles on the crystallization process of
PET. Compared to plain PET and PET/un-CaCQOs, crys-
tallization of the PET/c-CaCO3 nanocomposite takes
place at higher temperatures, where thicker crystals
form, which explains the occurrence of fusion at higher
temperatures. The lower T, and crystallinity of the
PET/un-CaCO;3; sample can be ascribed to the slight
hindrance of this filler on the solidification process of
the polyester.

4. Conclusions

The in situ preparation methodology allows to obtain
a good dispersion of the CaCOj3 nanoparticles into the
poly(ethylene terephthalate) matrix. The coating with
stearic acid facilitates the establishment of strong in-
teractions between the nanoparticles and the polyester
matrix, resulting in a good adhesion level.

The different compatibility of the two types of
nanofillers to the matrix is responsible for the diverse
effect of the calcium carbonate nanopowders on the
thermal properties of PET. The addition of c-CaCO3
to PET produces a more marked increase in the glass
transition temperature and a slightly better thermal sta-
bility of the material. Moreover, the calcium carbonate
nanoparticles coated with stearic acid are effective nu-
cleating agents for PET. Their presence induces solidi-
fication to start at a much higher temperature compared
to plain PET and produces a more rapid phase transfor-
mation. Conversely, without the inorganic coating, the
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CaCOj3 nanopowders slightly retard the solidification
process of PET.
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